Derived from the yeast whole-genome duplication, Saccharomyces cerevisiae GAL1 and GAL3 encode the catabolic enzyme galactokinase (Gal1) and its transcriptional coinducer (Gal3), whereas the ancestral, preduplicated GAL1 gene performed both functions. Previous studies indicated that divergence was primarily driven by changes in upstream promoter elements, and changes in GAL3's coding region are assumed to be the result of drift. We show that replacement of GAL3's open-reading-frame with GAL1's results in an extended lag phase upon switching to growth on galactose with up to 2.5-fold differences in the initial cell masses. Accordingly, the binding affinity of Gal3 to Gal80 was found to be greater than 10-folds higher than that of Gal1, with both a higher association rate (k a ) and lower dissociation (k d ) rate. Thus, while changes in the noncoding, regulatory regions were the initial driving force for GAL3's subfunctionalization as a coinducer, adaptive changes in the protein sequence seem to have followed.
The GAL regulon of Saccharomyces cerevisiae serves as a paradigm for eukaryotic gene regulation, and a paradigm for subfunctionalization via gene duplication. Galactose induces a rise of greater than 1,000-fold in the expression levels of genes responsible for galactose metabolism (Johnston and Davis 1984; Johnston 1987a) . Transcription is regulated by the GAL regulatory switch that consists of three key protein components: a transcriptional activator, Gal4, a repressor, Gal80, and a transducer, Gal3. The interplay between Gal3, Gal80, and Gal4 determines the on/off status of the switch. Gal4 binds the upstream activating regions of GAL genes (UAS GAL ) (Bram et al. 1986 ) through its N-terminal DNAbinding domain (Keegan et al. 1986; Johnston 1987b; Baleja et al. 1992; Marmorstein et al. 1992) . It subsequently activates transcription via its C-terminal transcription activation domain (Keegan et al. 1986; Johnston 1987b; Ma and Ptashne 1987) . The repressor, Gal80, binds the activation domain of Gal4 and thereby blocks activation (Giniger et al. 1985; Johnston et al. 1986; Lue et al. 1987 ). This repression is relieved upon Gal3 binding to Gal80. Formation of the Gal3/ Gal80 is possible only when Gal3 adopts "closed conformation," a conformation that is induced by galactose binding (Lavy et al. 2012) .
In yeast species that diverged prior to the yeast wholegenome duplication (WGD), Gal1, the enzyme whose transcription is regulated by Gal4 and Gal80, also serves as the coinducer. Specifically, low, constitutive expression of Gal1 enables it to be present. Upon galactose appearance, and Gal1 binding to Gal80, transcription of the GAL genes, including GAL1 is enhanced. Following the WGD, S. cerevisiae has two paralogues encoding a coinducer (Gal3) and a galactokinase (Gal1). Gal1 is the first enzyme of the GAL pathway and is tightly regulated by this genetic switch (induction of 1,000-folds in the presence of galactose), while Gal3 lost its enzymatic activity and is moderately induced (3-to 4-fold) (Johnston and Davis 1984; West et al. 1984; Bajwa et al. 1988) .
Previous work (Hittinger and Carroll 2007) suggested a model for the GAL1/3 diversification by subfunctionalization. This work further indicated that divergence occurred primarily in the upstream regulatory elements, that is, the promoter regions, thus providing a more dynamic and tightly regulated transcriptional response. The sequence divergence in the proteins (~25%), that includes a two amino-acids deletion in the active-site region, was proposed to be largely nonadaptive. Specifically, by replacing GAL3's coding sequence with GAL1's, Hittinger and Carroll (2007) tested Gal1's ability to perform the coinduction function of Gal3. They found a relatively small growth defect associated with this replacement. Although more pronounced at low galactose concentration, this growth defect was still greater than 5-fold smaller than the defect observed upon replacing GAL3's promoter region with GAL1's (Hittinger and Carroll 2007) .
Beyond the case of Gal1/3, the mechanisms that underlie divergence via gene duplication are still under study. It is clear that most new functions diverged prior to duplication (Conant and Wolfe 2008; Soskine and Tawfik 2010) as is the case with Gal1's coinduction function; however, the dynamics of the divergence processes, and their functional consequences are extensively studied, and the divergence of transcriptional regulators is of particular interest (Kondrashov 2012; Perez et al. 2014; Pougach et al. 2014) .
Here, we examined whether, in addition to the major adaptive changes that occurred in the promoters of these genes, there could be additional adaptive changes that improved Gal3's coinduction function. Further, despite the extensive study of this classic transcriptional switch, the binding kinetics, and affinities for the formation of Gal3/Gal80 and Gal1/Gal80 complexes remain unknown. We thus analyzed the binding of Gal1 and Gal3 using surface plasmon resonance (SPR) and also reexamined the growth differences associated with their replacement in vivo.
Results

GAL1
+ Exhibits an Extended Lag Phase Compared with GAL3 + We first reexamined the ability of GAL1's coding sequence to perform the coinduction function of Gal3 in S. cerevisiae. Replacement of the coding sequence of GAL3 with that of GAL1, while the regulatory regions (i.e., Gal3's promoter) remain intact, resulted in relatively small fitness defects ( 0.1) (Hittinger and Carroll 2007) . Fitness was determined by the cell ratio of the replaced strain (GAL1 + ) and wild-type (GAL3 + ; i.e., harboring the intact GAL3 gene) after 2 days of growth. The observed fitness defect in this experiment was minor ( 0.1), relative to the fitness defect ( 4 0.45) associated with promoter replacement (i.e., Gal3 expression under GAL1's promoter). However, differences in growth rates may differ at different growth phases, and in many cases, tradeoffs are seen between growth at exponential phase and cell viability at stationary phase. Thus, to further characterize the differences between Gal1 and Gal3, we measured growth of GAL1 + and GAL3 + strains engineered by Hittinger and Carroll (2007) as a function of time ( fig. 1A and B). The growth curves revealed a marked difference: Although the exponential growth rates were similar (at 0.08% galactose, m = 0.28 and 0.26 for GAL1 + and GAL3 + , respectively, and at 2% galactose m = 0.28 for both), upon switching from raffinose to galactose as a carbon source, GAL1 + strain showed a much longer lag phase than GAL3 + . As expected, the difference in the lag phase became more prominent at the lower concentration of galactose (0.08%). The difference in the lag phase is significant: 13 h after transfer to 0.08% galactose, the cell density for GAL1 + strain was 2.5-fold lower than for GAL3 + ( fig. 1C ). Thus, Gal3 appears to be a significantly more efficient coinducer than Gal1.
Gal3 Binds Gal80 ! 10-Fold Tighter than Gal1
To determine the binding parameters of the Gal3/Gal80 and Gal1/Gal80 complexes, we overexpressed and purified these three proteins, and measured the binding rate constants by SPR (table 1 and fig. 2 ). Gal3 (at 13-200 nM concentrations), and Gal1 (90-1,500 nM) were allowed to flow over immobilized Gal80 in the presence of saturating concentrations of ATP and galactose. The resulting association and dissociation curves were simultaneously fitted to the Langmuir 1:1 model (supplementary table S1, Supplementary Material online). The equilibrium dissociation constants (K d ) of the Gal80 complexes were found to be 44 AE 15 nM with Gal3 and 490 AE 47 nM with Gal1. These values indicate approximately 10-fold higher affinity of the Gal3/Gal80 complex compared with Gal1/Gal80. A global fit using the entire range of concentrations gave a similar K d value for Gal1 (~550 nM; supplementary fig. S1 , Supplementary Material online) while for Gal3, this approach did not yield a meaningful fit. We further attempted to separately fit the association and dissociation curves per each concentration (supplementary fig. S2 , Supplementary Material online). As expected, this fit showed a systematic bias whereby the lower Gal1/3 concentration was, the slower was the association-rate constant (due to slow rebinding). However, at the highest concentrations, the K d values were within error range of those obtained with the Langmuir model (34 and 467 nM, for Gal3 and Gal1, respectively). Further, when averaged for the entire range of concentrations, the mean K d value for Gal3 was greater than 10-fold lower than for Gal1 (supplementary fig. S2C , Supplementary Material online). Overall, the affinity of Gal3 binding to Gal80 appears to be !10-fold higher than that of Gal1 regardless of which model is used. This difference relates to approximately 4-fold faster association and approximately 3-fold slower dissociation of Gal3 compared with Gal1 (table 1) .
Since Gal1 is an enzyme, the enzymatic turnover may affect its binding measurements because galactose and ATP are depleted with time. To account for that, we used galactose and ATP at sufficient excess, that is, well above the K m (0.25 and 0.02 mM, respectively) (Platt et al. 2000) . Further, while bound to Gal80, Gal1's enzymatic activity is inhibited (Sellick et al. 2009 ) as also confirmed in our assays (supplementary fig.  S3 , Supplementary Material online). The galactose and ATP are buried inside the active site of Gal1 (Thoden et al. 2005) . Judging by the Gal80/Gal3 structure (Lavy et al. 2012) , dissociation of the Gal80/Gal1 complex would be a prerequisite for the release of the enzymatic product. Therefore, the apparent inhibition is probably a result of slow release of the products, and not disruption of catalysis per se. Foremost, as detailed below, the dependency of binding to Gal80 on galactose concentration was found to be essentially the same for Gal1 and Gal3, indicating that the observed lower affinity of Gal1 is not due to enzymatic turnover and/or to applying too low galactose concentrations.
Galactose Dependency of Binding
To better understand the effect of galactose on the binding parameters, we separately characterized the association and dissociation rates in the presence of various galactose concentrations. The results indicated that both the association and dissociation rate constants vary with galactose concentration ( fig. 3 and supplementary fig. S4 , Supplementary Material online). For both Gal1 and Gal3, association to Gal80 becomes faster, and the dissociation becomes slower, with higher galactose concentrations. The apparent affinities for galactose derived from these data were 0.58 AE 0.2 mM for Gal1 and 0.61 AE 0.23 mM for Gal3. As can be seen, the fit for the dissociation rates is not optimal. Specifically, the midrange galactose concentrations consistently show dissociation rates that are slower than predicted. This trend may suggest cooperativity, and indeed, a model that includes cooperativity gives better fit. In the absence of direct evidence for such mechanism, this model cannot be justified. However, in any case, the apparent affinities of Gal1 and Gal3 for galactose derived from this fit are also similar (0.23 AE 0.05 mM and 0.37 AE 0.08 mM, respectively). Overall, it appears that the changes in Gal3 compared with Gal1 relate primarily to the former's higher binding affinity toward Gal80, and not to the galactose dependency of binding.
Discussion
Our results suggest the occurrence of adaptive changes in the coding region of GAL3 and/or GAL1. The reported fitness defect upon replacement of the coding region of GAL3 with that of GAL1, that is, of placing Gal1 under the regulation of the Gal3's promoter were minor relative to the loss of fitness associated with the replacement of the promoter (Hittinger and Carroll 2007) . However, a fitness defect of 0.1 is highly meaningful on an evolutionary timescales-when competing with wild-type (i.e., with Gal3 in the coding region), within fewer than 1,000 generations, the Gal1-carrying allele would be effectively lost (frequency of <10 À40 ). Further, as shown here ( fig. 1 ) at the initial growth phase, a significance fitness defect was associated with having Gal1 instead of Gal3. The higher affinity of Gal3 may also relate to loss of affinity of Gal1, that, following the emergence of Gal3 ceased, as far as we know, to function as a coinducer. The replacement of Gal3 with Kluyveromyces lactis Gal1 does not indicate a higher potency of the latter relative to S. cerevisiae Gal1, but this could be due to partial incompatibility. In vitro testing of K. lactis Gal1-Gal80 indicate a somewhat higher affinity than measured here for S. cerevesiae Gal1-Gal80, However, due to different assays and conditions, these affinities cannot be reliably compared.
The significantly higher affinity of Gal3 to Gal80 ( fig. 2) , and accordingly, the faster coinduction in vivo, suggest that duplication, and presumably the alleviation of the need to function as an enzyme, enabled Gal3 to specialize as coinducer. Indeed, as indicated above, enzymatic turnover directly competes with Gal80 binding. Likewise, it is possible that the presence of a coinducer (Gal3) enabled Gal1 to specialize as an enzyme at the expense of its binding affinity to Gal80, and thus, Gal1 became a poorer inducer. The tradeoff (or adaptive conflict) with respect to the enzymatic and coinducer protein functions may not be strong, but may still exist (Hittinger and Carroll 2007) . It has also been observed that most promiscuous, or alternative enzymatic functions may significantly improve under weak tradeoffs, at least at the initial stages of divergence (Tokuriki et al. 2012) . Thus, whether the loss of enzymatic activity, and specifically, the Ser-Ala deletion in the ATP binding site, drove the higher binding affinity, or whether this lost is the outcome of random drift as proposed (Hittinger and Carroll 2007) , remains unclear. Deletion of these two amino acids in Gal1 does not result in Gal1 being a better coinducer, but rather in impairing the coinduction function (Hittinger and Carroll 2007) . Similarly, insertion of Ser-Ala in Gal3 confers certain galactokinase activity, but this activity is 300-to 3,000-fold lower than that of Gal1 (Platt et al. 2000) , and the coinducer function is lost in vivo (Hittinger and Carroll 2007) . These results, however, do not exclude an adaptive potential for the Ser-Ala deletion in the historical postduplicated gene that gave rise to the contemporary GAL3. All sequence changes are highly context dependent (epistatic) and the ancestral context rapidly changes, thus making historical sequence changes incompatible in the modern sequences (Bridgham et al. 2009; Wellner et al. 2013) . Insertions and deletions appear to be even more epistatic than point mutations . Beyond the two amino acids deletion, the sequences of Gal1 and Gal3 vary at 136 positions. The vast majority of these substitutions relate to drift, and the presumably few amino acid substitutions that relate to Gal3's higher affinity remain unknown. The structure of the Gal1/Gal80 complex has not been determined yet. The high structural similarity between Gal1 and Gal3, and the observation that all 12 residues in Gal3 Gal3 Binds Gal80 Tighter than Gal1 . doi:10.1093/molbev/msv240 MBE that make direct contact with Gal80 are identical in Gal1 (Lavy et al. 2012) , suggest that Gal1 interacts with Gal80 through the exact same interface, and that changes in affinity relate to exchanges in second-shell, or even third-shell residues. Indeed, while the interface may be the same, Gal3's ability to adopt and/or maintain the "closed" conformation, a conformation stabilized by galactose and ATP binding and that is necessary for the interface formation and interaction with Gal80, may be improved relative to Gal1. Thus, the adaptive amino acid exchange(s) may therefore relate to a shift in the conformational ensemble, rather to changes in the interaction interface itself (James and Tawfik 2003; Upadhyay 2014) . Other adaptive changes in Gal3's protein sequence may include changes in its subcellular localization.
Overall it appears that whereas changes in transcriptional regulation may have been the driving force for divergence, in the case of Gal1/3 and in many other cases of divergence by duplication, adaptive changes in the protein may accompany such regulatory changes. As shown here, these adaptive changes may have critical contribution to organismal fitness.
Materials and Methods
Yeast Growth Assays
The yeast strains GAL3+, GAL1+, and gal3Á (all derived from BY4742 (MATa ura3-Á lys2)) were kindly provided by Hittinger and Carroll (2007) . For each S. cerevisiae growth experiment, frozen cell stocks were plated on agar YPD plates. Individual colonies were cultures in autoclaved SC medium (made according to the manufacturer's instructions with complete supplement mixture, yeast nitrogen base and no amino acids) containing 2% raffinose for 2 days at 30 C on a rotor wheel. These cultures were used to inoculate an SC medium with 0.08 or 2% galactose to an initial OD 600 0.03. The inoculated cultures were grown at 30 C, in 96-well plates (0.2 ml per well) with shaking while monitoring absorbance at 600 nm. Error bars represent standard deviations of !3 independent wells at different plate locations.
Protein Expression and Purification
Expression plasmids for S. cerevisiae Gal3 (2-520) and Gal80 (1-435) (Lavy et al. 2012) were kindly provided by Dr JoshuaTor (Cold Spring Harbor Laboratories). Saccharomyces cerevisiae Gal1 (1-528) was cloned into the same Escherichia coli expression plasmid as Gal3. The purification of Gal3 and Gal80 was carried out as described (Lavy et al. 2012) . Purification of Gal1 was carried out essentially as described for Gal3. The Ulp1 expression plasmid (Ulp1 is a protease used in the purification process) was kindly provided by Dr C. D. Lima (Sloan-Kettering Institute).
Surface Plasmon Resonance
The binding kinetics of Gal1 and Gal3 to Gal80 were characterized by SPR in a BIAcore 3000 system. Gal80 was immobilized to a CM5 sensor chip (GE Healthcare) by standard coupling through its primary amine groups; immobilization was done at a flow rate of 10 ml/min. Fifteen microliters?of a 500 nM solution of Gal80 was injected, followed by a 50 ml injection of ethanolamine to block any remaining surfaceactivated groups. Typical immobilization levels ranged around 2400 RU. Nonderivertized flow cells served as reference. All assays were run at a flow rate of 20 ml/min and the running buffer was TBS (50 mM Tris, 200 NaCl, pH = 7.4) supplemented with 5 mM ATP and 10 mM MgCl 2 and galactose at the concentration stated per each experiment. TBS was used for regeneration of the flow cell between experiments. Kinetic rate constants were calculated by fitting obtained sensorgrams with the Langmuir 1:1 model (BIAevaluation software).
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